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ABSTRACT

A process of preparing a lamella from a substrate mcludes
manufacturing a protection strip on an edge portion of the
lamella to be prepared from the substrate, and preparing the
lamella, wherein the manufacturing the protection strip

includes a first phase of activating a surface area portion of the
substrate, and a second phase of electron beam assisted depo-
sition of the protective strip on the activated surface area
portion from the gas phase.
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METHOD OF DEPOSITING PROTECTIVE
STRUCTURES

CROSS-REFERENCES TO RELAT
APPLICATIONS

T
w

The present application claims priority of German Patent
Application No. 10 2009 008 166.6, filed Feb. 10, 2009, the

content of which 1s hereby incorporated by reference 1n 1ts
entirety.

FIELD OF THE INVENTION

The mvention relates to a method of depositing protective
structures such as e.g. locally confined protective layers on
solid substrates, 1n particular in the course of the preparation
of TEM lamellae.

The transmission electron microscopic (TEM) analysis 1s
one of the most powertul analytic methods 1n semiconductor
clectronics, at least 1 part due to 1ts resolution of down to 0.1
nm or less. However, the preparation of suitable TEM
samples 1s complicated, because only ultrathin samples
(“lamellae™) can be penetrated by the electron beam. The
preparation with a focused 1on beam (FIB) 1s particularly
suitable, because 1n this manner, precisely located cross sec-
tional cuts through the sample of interest can be prepared.
Herein, two-beam devices with both electron and 1on beams
are oftentimes used.

BACKGROUND OF THE INVENTION

A method of preparing TEM lamellae 1s known from inter-
national application W0O2008/051937 A2. A device for pre-

paring TEM lamellae 1s disclosed in international application
WO2008/051880 A2, the contents of which 1s hereby incor-

porated by reference 1n 1ts entirety. Patent application US
2008/0054179 A1 discloses a method of lamellae preparation
employing chemical vapor deposition. Patent application US
2004/0016880 Al discloses an earlier method of lamellae
preparation.

It has been found that 1n the application of a focused 10n
beam, scattered, back-scattered and secondary 10ns present a
problem insofar as they lead to amorphisation and gradual
erosion of the original sample in particular at the upper edge
of the lamella. Furthermore, a contamination with the 1ons of
the beam, e.g. Ga 1ons, may occur. To prevent his, a local
protection strip may be applied to the upper narrow edge of
the lamella before beginning with the 1on milling to both sides
of the protection strip.

To this end, mitially a platinum or tungsten strip may be
generated via electron beam induced gas phase deposition
EBID. The actual protection strip may then be applied onto
this strip using 10n beam induced gas phase deposition FIB.
Depositing the protection strip via FIB without preceding
clectron beam deposition would lead to the previously men-
tioned eflects, erosion and amorphisation. Following FIB
deposition, the substrate 1s milled on both sides towards the
protection strip, leaving only the lamella with the thin pro-
tection strip on top. The lamella can then be fastened to a
tungsten tip of a nano manipulator via 1on beam assisted gas
phase deposition, subsequently to be separated at 1ts edges
from the substrate and lifted out.

It has now been found that 1n this procedure, the step of
preparing the first layer of the protection strip via electron
beam 1induced gas phase deposition determines the speed of
the entire process, because the subsequent 10n beam imnduced
deposition 1s much faster. On the other hand, conventionally,
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2

it was not feasible to dispense with this first, slow step,
because the direct application of the 1on would lead, by ero-
s10n or amorphisation, to the destruction of the structures to

be 1spected.
The present invention has been concerved to overcome the

drawbacks of the prior art.

SUMMARY OF THE INVENTION

In embodiments, that portion of the substrate surface where
the protective strip 1s to be applied, 1s pre-activated and the
protective strip 1s then deposited in that portion.

In embodiments, a significant increase in deposition speed
1s achieved. Presumably, the pre-activation triggers an auto-
catalytic process, as a result of which the electron beam
induced deposition proceeds significantly faster, 1n the case of
thermal assistance proceeds at least an order of magnitude
faster. Even with thermal assistance, however, and 1n contrast
to known methods without the influence of a particle beam—
such as CVD methods—, at moderate temperatures, 1.€. tem-
peratures below the decomposition temperature of the pre-
cursor, no large-scale deposition occurs, but substantially
only deposition 1n that area covered by the primary electron
beam, or in that area aifected by secondary efiects of the
primary electron beam. For example, with moderate heating
to 100° C.-130° C., an acceleration by a factor of about
500-1000 can be achieved: Presumably, the influence of the
primary electron beam on the substrate leads to a cascade of
secondary electrons, which re-emerge from the substrate and
induce further deposition reactions.

The amount of acceleration may vary with the type of
precursor, substrate material and primary electron energy. A
deposition of a first layer of a catalytically active material, or
a beam-induced (structural or thermal) pre-activation may be
considered as examples for the pre-activation. A thermal pre-
activation may be achieved by resistive, conductive and/or
radiative heating. The heat source may, 1n embodiments, be
distinct from the electron beam source. The actually achieved
surface temperature of the substrate may be detected with
suitable means, e.g. IR optically, and may be used to control
at least one of the precursor gas supply and the heat source.

Following the accelerated (auto-catalytic) deposition of a
layer e.g. 10-30 nm, or up to 200 nm 1n thickness by means of
clectron beam induced gas phase deposition, a further e.g.
200-1000 nm may be deposited by means of Ga 1on beam
induced gas phase deposition, 1f desired. Equally by means of
clectron or 10n beam 1nduced gas phase deposition, a connec-
tion to a nano manmipulator may be manufactured; the material
deposited 1n this manner providing a handle to the lamella.
The actual preparation of the lamella 1s performed, 1n
embodiments, by milling with a focused (Ga) 1on beam, but
without deposition.

By manufacturing the protective strip, in embodiments 1t 1s
achieved that the preparative 1on beam does not lead to elec-
tron microscopically detectable lesions of the lamella. To this
end, the thickness of the protective strip exceeds the mean
penetration depth of the 1on beam 1n the material used for the
protective strip, e.g. at least by a factor of two, 1n embodi-
ments by a factor of 2-5. In other words, the thickness of the
strip, expressed 1n terms of its dependence from i1ts mean
mass number M . and that of the 10ns of the beam M, both 1n
u (with u=atomic mass unit), 1s larger than 7 nm-[mf—ll o
(MJ/M,.)], wherein M =12 u.

In embodiments, the activating includes the providing of a
laterally confined layer, on which the electron beam assisted
deposition occurs faster than elsewhere such as 1n neighbor-
ing regions. Namely, the provided layer undergoes a reaction
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with a gas phase precursor molecule or one adsorbed from the
gas phase, the products of which reaction partly remain on the

layer and partly desorb. Such exemplary precursor molecules
are metal carbonyls, 1n particular iron, cobalt, chromium or
molybdenum carbonyls. In examples, it 1s suitable to pre-
activate the substrate 1n order to support this process. This
may be achieved by heating the substrate to a temperature
below that at which spontaneous thermal disintegration of the

precursor occurs. For Fe(CO)., e.g., substrates may be heated
to 100° C.-150° C., orinembodiments to 115° C.-130° C.; for

Mo(CO),, temperatures of 200° C.-400° C., or 1n embodi-
ments ol 250° C.-300° C. are suitable. The pressure inside the
deposition chamber is e.g. between 10~° and 10™° mbar, or in
embodiments between 10~ to 10~ mbar. In a case where
devices for local gas supply are used, e.g. nozzles or local gas
vessels, higher pressures mside the gas vessel are possible, to
a maximum of 10~ mbar, and lower pressures of down to e.g.
10~" mbar outside such vessel or nozzle, respectively. The
clectron beam energy 1s set between 0.1 KV and 70 kV, or
between 0.5 kV and 50 kV, or suitably between 0.7 KV and 25
kV, or 1n some embodiments between 1 kV and 10 kV; the
beam current 1s set between 20 pA and 1 uA, or between 200
pA and 50 nA, or 1n some embodiments between 1 and 5 nA.
The layer thickness 1n some examples 1s between 10 nm and
2 um, and 1n embodiments 1s between 40 nm and 200 nm,
wherein lighter elements may require relatively thicker lay-
ers.

In embodiments, the method i1ncluding a pre-activation
results 1n more atoms being deposited per unit time than
without any pre-activation, e.g. at least 1.5 to 50 times as
many. When metal carbonyls are used as a precursor, mainly
metal atoms and carbon atoms are deposited. In some
examples, more metal than carbon, in terms of mass, 1s depos-
ited, or more metal atoms than carbon atoms. In further
embodiments, the mitial deposition phase 1s followed by,
firstly, an annealing phase under raised temperature without a
reaction gas or electron beam; or secondly, the supply of
another reaction gas, which as such does not undergo or
support deposition, but benefits the purity or crystallinity of
the deposed layer. Furthermore, a precursor may be used
which has catalytic or surface-levelling properties.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing as well as other advantageous features of the
invention will become more apparent from the following
detailed description of exemplary embodiments of the mnven-
tion with reference to the accompanying drawings. It 1s noted
that not all possible embodiments of the present invention
necessarily exhibit each and every, or any, of the advantages
identified herein.

FIGS. 1a,b shows a TEM-lamella with a protective strip
deposited according to the mvention, 1n a view tilted to the
surface normal;

FIGS. 2a,b a deposited protective strip (tilted view);

FIGS. 3a,b a lamella prepared by FIB (tilted view);

FIGS. 4q,b a lamella almost completely cut out by FIB
(tilted view);

FIGS. 5a,b alamella with a nano manipulator attached to it
(tilted view);

FIGS. 6a,b alamella lifted out of the substrate (tilted view);
and

FI1G. 7a flow diagram of a method according to the mnven-
tion.

In the foregoing, those figures indicated by “a” are sche-
matical drawings without any gray levels, and those indicated
by “b” are electron microscopic images with gray levels. In
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the following, these figures will be explained pairwise with-
out any reference to the letters “a” or “b”.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

In the exemplary embodiments described below, compo-
nents that are alike 1 function and structure are designated as
far as possible by alike reference numerals. Therefore, to
understand the features of the individual components of a
specific embodiment, the descriptions of other embodiments
and of the summary of the invention should be referred to.

FIG. 1 shows a TEM-lamella 4 with the remainders of a
protective strip 2 deposited on 1ts upper edge betore prepara-
tion of the lamella. This 1image shows a state, where the
substrate material 1 has already been milled out in front of and
behind the lamella to form the trough 3, but not yet at its
periphery. The thickness of the lamella 4 1s suitable set so that
there 1s a reasonable likelthood of finding the material section
to be analyzed within 1t, such as a presumed defect, but on the
other hand the analyzing beam can still suiliciently penetrate
the lamella 4.

The first step in manufacturing such a TEM-lamella 1s the
deposition of a protective layer 2 1n an area at the position of
the lamely to be prepared, as shown in FIG. 2, 1.e. above the
material section to be analyzed, or the presumed defect in the
substrate 1, respectively. The manufacturing of this protective
strip includes a phase of pre-activating followed by a phase of
clectron induced gas phase deposition. In embodiments, the
activating process ay be continued while the gas phase depo-
sition 1s going on, such that these steps may be partly simul-
taneous.

The following steps are shown 1n FIGS. 3 to 6, namely the
preparing the lamella 4 except for its peripheral region (FIG.
3) by hollowing out 3 the substrate 1 on both sides of the
lamella, the removing of the main part of the structurally
supporting periphery of the lamella 4 (FIG. 4), the attaching
of a nano manipulator 3 to the lamella 4 (FIG. 5) and the
lifting out of the lamella 4 from the hollowed-out 3 substrate
1 (FIG. 6).

Finally, in FIG. 7, the manufacturing of the lamella holder
1s explained by means of a flow diagram: Initially, a surface
region ol the substrate 1s activated S1 and, laterally confined,
a first protective strip layer 1s deposited thereon by means of
clectron beam induced gas phase deposition S2. Herein, the
pre-activation and/or the autocatalytic effect 1s exploited.
Steps S1 and S2 may be carried out partly simultaneously, e.g.
by continuing the activating process while depositing. Onto
the first layer of 10-2000 nm thickness, optionally further
layers totaling 100 nm to 1 um are deposited by means of 10n
beam induced gas phase deposition S3. Subsequently, the
lamella 1s prepared S4 using a focused 1on beam (e.g. a 5-30
keV Ga-beam; or a Helium 1on beam). A nano manipulator 1s
attached to the lamella mechanically or by means of 1on beam
induced deposition, before the lamella 1s entirely separated
from the substrate at its periphery S6. Then, the lamella can be
lifted out of the recess 1n the substrate, or conversely, the
substrate can be moved away downwards S7. For inspection,
the lamella 1s transferred S8 to an analyzing device, e.g. mnto
the analyzing beam path of a transmission electron micro-
scope, and there 1s penetrated by the electron beam and
ispected therewith.

The type of the precursor complex and the material to be
deposited may be varied as long as a pre-activating or auto-
catalytic process 1s possible. Suitable examples are provided
by the carbonyls of Fe, Co, N1, Mo and W, 1n particular 1ron
pentacarbonyl Fe(CO)., dicobalt octa-carbonyl Co,(CO),
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and molybdenum and tungsten hexacarbonyl Mo(CO), and
W(CO),, respectively. More generally, volatile compounds
such as organyls or complexes of the transition metal ele-
ments of the groups VA to VIIIA, IB or IIB of the periodic
system of the elements, 1n the rows 4 to 6 (except T¢) are
suitable. It 1s also envisaged to deposit several precursor
materials simultaneously or subsequently. Further possibili-
ties mnclude the supply of additive gases so as to influence the
purity or homogeneity of the deposited layer, or its layer
properties. It 1s further concervable to reduce the impurity
content of the protective layer, in particular its carbon or
oxygen content, by a transitory (temporary) elevation of the
temperature to e.g. 400° C.-600° C. and/or the addition of
reaction gases, belfore completing the protective layer.

In general, the deposition efficiency 1s larger than 0.05
atoms/e” or 1n some embodiments 1s larger than 1 atom/e™. In
some applications, other organyls, such as dimethyl-platinum
(ID)-trifluoroacetylacetonate, Pt{(AcAc), or C-free morganic
complex compounds may be used in place of metal carbonyls.
At ambient temperature, or upon moderate warming, €.g. to
120° C., the precursor should be sutficiently volatile, 1n par-
ticular more volatile than the deposited material itself; but
should still be sufficiently stable at a somewhat more elevated
temperature, so that spontaneous decomposition will not
occur during supply. In some examples, the precursor gas 1s
heated to 10°-50° below the decomposition temperature of
the precursor, such that same i1s available 1n suilicient con-
centration 1n the gas phase. In some examples, the substrate 1s
heated to within 10°-350° below the decomposition tempera-
ture, such that the precursor gas will not appreciably ther-
mally decompose, or will not deposit spontaneously on the
entire surface of the substrate, and on the other hand will
remain adsorbed suiliciently long to enable deposition 1n a
significant amount under the influence of the electron beam.

Under such conditions, a precursor can be transported 1n
the gas phase to the site of the lamely to be prepared, and may
there mitially become adsorbed on the substrate surface, to
decompose under the influence of the electron beam accom-
panied by desorption of the ligand molecules. In some
embodiments, the metal layers manufactured making use of
pre-activation and/or autocatalysis are relatively poor 1n car-
bon and oxygen, as compared to conventionally prepared
protective layers. Under these conditions, a deposition with
pre-activation, e.g. a thermally assisted electron beam depo-
sition may proceed faster than an 1on beam assisted deposi-
tion, but avoids damaging the structures of the substrate to be
ispected, or 1ts contamination by implantation of primary
ions of the beam.

One example of a suitable precursor 1s 1ron pentacarbonyl
(Fe(CO);), from which a relatively carbon-poor 1ron layer
may be deposited on a substrate heated to 100° C.-150° C., or
in particular to 120° C.-125° C., as compared to conventional
EBID without pre-activation. This process 1s by far faster and
more efficient (>100 pm->/nC) than possible with an electron
beam at ambient temperature (ca. 0.15 um>/uC), and is in
particular faster than possible with an 1on beam.

For comparison, an 1ron layer was deposited from an 1ron
pentacarbonyl precursor at 1.25 -10™ mbar chamber pres-
sure, 20 kV electron energy and 2.07 nA beam current on an
area of 10x20 um?; the obtained thickness was ~4 nm in 40
min. This efficiency of ca. 1.6 um>/uC would be too low for
practical purposes. On the other hand, an 1ron layer was
deposited at again 1.25-107> mbar chamber pressure, 20 kV
clectron energy and 2.07 nA beam current, but at 120° C.
substrate temperature on an area of 5x25 um?; the resulting
thickness 1n this case was ~150 nm 1n 80 sec. This calculates
to an efficiency of about 113 pm>/uC, or about 700 times
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More than at ambient temperature. With this efficiency, a
lamella protection layer can be quickly manufactured (with-
out overly delaying the further inspection steps, and) without
having to fear damage by 1on beams to the substrate structures
to be mspected.

Another advantage of some exemplary methods 1s, at least
in some embodiments, the high deposition rate, which 1n
some application renders the application of an 10n beam for
deposition purposes obsolete. The 1on beam would then only
be required for the preparation of the lamella 1tself, or delib-
crately for planarizing owing to 1ts amorphizing effect.

A further advantage in some embodiments of the inventive
metal deposition method 1s the high purity of the deposited
metal, which 1s beneficial to the conductivity.

In general, the proposed action principle may be applied
with suitable precursor gases or reactive gases to other tech-
nical fields such as etching processes of for templates for
subsequent deposition. E.g., depositions according to the
invention or manufactured according to the invention may
serve as markers, e¢.g. for alignment purposes, or as conduc-
tive structures, e.g. as a protection against electrostatic charg-
ing, or for conductor repair.

In a typical application of the above-described method 1n
the semiconductor industry, a lamella results which 1s made
of a semiconductor substrate, having a metal edge layer, e.g.
made of 1ron, tungsten, molybdenum, gold or platinum. The
thickness of the lamella 1s suitably set so that 1ts absorbing
cifect on a penetrating analysis electron beam 1s only as large
as tolerable for the remaining intensity of the transmitted
clectrons to be sullicient for analysis. To this end, a desired
limit absorption value may be defined, which 1s then divided
by the electron beam absorption coellicient, 1n order to obtain
the maximally tolerable lamella thickness. In some embodi-
ments, a difference between the base 10 logarithms of the
impinging and the minimally transmitted beam intensity 1s
the limit absorption value, which may e.g. be 2 or 1, meaning
that at least one hundredth (Lg(100/1)=2) or one tenth (Lg
(10/1=1), respectively, of the impinging power 1s transmitted.

Because of the avoiding of a Ga 1on beam, the lamella 1n
some embodiments 1s substantially Ga-free 1 a region
directly underneath the protection strip. It 1s 1n this region
underneath the protection strip, where the areas to be
inspected are mostly present 1n semiconductor substrates.
Potential Ga contamination stem from laterally intruding Ga
ions during the preparation of the front faces of the lamella.
These can, however, be subsequently removed using a low
energy Ar ion beam (100-500 V). In some embodiments, at
least no damage due to impinging 1ons of the beam 1s discern-
ible. In some embodiments, as an 10on source a Be—S1—Au
alloy 1s used, or helium.

The protection layer made according to embodiments from
metal carbonyls includes at least 40% metal atoms 1n addition
to mainly carbon and oxygen atoms, or in some embodiments
at least 60% metal atoms.

The precursor gas used may have the following properties:
On the one hand, the precursor gas dissociates into 1ts com-
ponents when activated. On the other hand, 1t may be auto-
catalytic, meaning that once an 1nitial layer 1s present, depos-
ited from the precursor gas, the precursor will on 1ts own
further dissociate and deposit on the layer or in the vicinity
thereol, without or with only little energy supply at slightly
clevated temperature or even at ambient temperature, 1n
embodiments between 0° C. and 50° C. As such precursors,
metal organyls are suitable, 1n particular metal carbonyls. The
metal carbonyls dissociate in the once activated surface
areas—and only there—into metal atoms, splitting off carbon
monoxide, and minor or insignificant amounts of carbon and
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oxygen remaining at the surface. In this manner, a layer 1s
deposited which contains the metal atoms and some carbon
and oxygen. As soon as the initial layer 1s deposited, metal
carbonyl molecules adsorbing onto the 1nitial layer continue
to dissociate due to the reduced activation energy, so that the
layer growth continues on its own, without additional activa-
tion by means of an electron beam or another high-energy
beam such as an ion beam or light beam being required.
However, the further deposition process may 1n embodiments
be supported by the additional application of such a high-
energy beam. Alternatively, the area surrounding the desired
deposition area may be optically activated in such a manner
that adsorption 1n this area 1s suppressed, and occurs only 1n
the non-1lluminated area. In this manner, 1t can be achieved
that deposition only or predominantly occurs in the desired
area.

Without wishing to be bound by theory, the precursor gas
may have the property of the presence of components of
already dissociated molecules leading to a reduction of the
activation energy required for dissociation. The deposited
layer thus includes a first layer directly deposited on the
surface of the substrate from such a precursor gas.

While the invention has been described with respect to
certain exemplary embodiments thereot, it 1s evident that
many alternatives, modifications and variations will be appar-
ent to those skilled in the art. Accordingly, the exemplary
embodiments of the invention set forth herein are mntended to
be 1llustrative and not limiting in any way. Various changes
may be made without departing from the spirit and scope of
the present invention as defined 1n the following claims.

What 1s claimed 1s:

1. A process of preparing a lamella from a substrate, the
process comprising:

manufacturing a protection strip on an edge portion of the

lamella to be prepared from the substrate; and
preparing the lamella,
wherein the manufacturing the protection strip comprises a
first phase of activating a surface area portion of the substrate,
and a second phase of particle beam assisted deposition of the
protective strip on the activated surface area portion from the
gas phase.

2. The process of claim 1, wherein 1n the second phase, the
deposition occurs from a precursor gas, which gas dissociates
in the surface area portion activated in the first phase, and does
not dissociate 1n a portion not activated in the first phase.

3. The process of claim 1, wherein the first phase and the
second phase are made to occur simultaneously, alternatingly
or with a waiting interval 1n between.

4. The process of claim 1, wherein the lamella 1s prepared
using an ion beam.
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5. The process of claim 4, wherein the 1on beam 1s a
focussed 1on beam (FIB).

6. The process of claim 4, wherein the 10n beam 1s a Ga 1on
beam.

7. The process of claim 4, wherein the preparing 1s made by
ion beam milling.

8. The process of claim 4, wherein the protection strip 1s
manuifactured in a thickness and from a material, such that the
preparation 1on beam electron causes no microscopically
detectable damage to the edge portion of the lamella.

9. The process of claim 4, wherein the thickness of the
protective strip 1s made larger than a mean penetration depth
ol the preparation 10n beam 1n the material of the protection
strip.

10. The process of claim 9, wherein the thickness of the
protective strip 1s made at least 1.5 times as large as the mean
penetration depth of the preparation 1on beam 1n the material
of the protection strip.

11. The process of claim 4, wherein the thickness of the
protective strip 1s selected at least twice as large as the mean
penetration depth of the preparation 1on beam 1n the material
of the protection strip.

12. The process of claim 1, wherein the activating 1s at least
partially thermal.

13. The process of claim 12, wherein no 1on beam 1s used
in the deposition.

14. The process of claim 1, wherein the protection strip 1s
manufactured using at least one of 1ron, cobalt, chromium,
molybdenum, tungsten, gold and platinum.

15. A lamella for TEM-analysis, comprising;:

a plate made of a substrate material, wherein the thickness
of the plate 1s smaller than a first limit value, at which a
difference of the base 10 logarithms of the incident
analysis electron beam intensity and the minimally
transmitted analysis electron beam intensity 1s 2; and by

a layer arranged at an edge portion of the plate, the layer
consisting essentially of a metal, carbon and oxygen.

16. The lamella of claim 15, wherein the edge layer com-
prises less carbon, by mass, than metal.

17. The lamella of claim 15, wherein the edge layer com-
prises at least 40% metal atoms.

18. The lamella of claim 17, wherein the edge layer com-
prises at least 60% metal atoms.

19. The lamella of claims 15, wherein the thickness of the
lamella 1s smaller than a second limit value, at which a dif-
ference of the base 10 logarithms of the incident analysis
clectron beam intensity and the minimally transmitted analy-
s1s electron beam intensity 1s 1.
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 2, lines 53-63 should read:

By manufacturing the protective strip, in
embodiments 1t 1s achieved that the preparative
10n beam does not lead to electron microscopically
detectable lesions of the lamella. To this end,

the thickness of the protective strip exceeds the
mean penetration depth of the 1on beam in the
material used for the protective strip, e.g. at

least by a factor of two, 1n embodiments by a
factor of 2-5. In other words, the thickness of

the strip, expressed in terms of its dependence
from 1ts mean mass number Mg and that of the 10ns
of the beam M, both in u (with u = atomic mass

unit), is larger than

7ol M, -2 ig(M, ML)

wherein M- = 12 u.
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